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Sex, Cell Death, and Minireview
the Genome of C. elegans
acts upstream of ced-3 and ced-4, and direct interaction
between the EGL-1 and CED-9 proteins was also dem-
onstrated. This led to the suggestion that EGL-1 may
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United Kingdom act by interfering with CED-9 so that it can no longer
inhibit CED-4, which is then free to activate CED-3, lead-
ing to cell death.
Cell death is universally important in development, not What, then, controls egl-1? The epistasis analysis also
the least in the nervous system, but little is known about indicated that it acts downstream of ces-1 and ces-2.
how the programmed cell deaths of cells and neurons These are tissue-specific regulators, which affect cer-
are ultimately controlled. Much of the understanding of tain programmed cell deaths in the pharynx, but not
cell death has come from research on the nematode HSN death; conversely, the egl-1(gf) mutations do not
Caenorhabditis elegans (reviewed by Metzstein et al., affect the pharyngeal deaths. ces-2 encodes a predicted
1998). Conradt and Horvitz (1999 [this issue of Cell]) bZIP transcription factor, which could act directly on
now extend this work to provide a satisfyingly complete egl-1 in the pharynx (Metzstein et al., 1998). Most proba-
explanation for the sex-specific death of one particular bly then, egl-1 has multiple regulatory inputs, which act
neuron type in this animal. In so doing, they link up two in a tissue-specific manner to direct each of the various
extensively studied regulatory pathways in C. elegans, apoptotic events that occur during normal nematode
one controlling sexual phenotype, and one controlling development.
cell death. The further analysis of egl-1(gf) mutations supports
The two natural sexes of C. elegans are the hermaph- this view (Conradt and Horvitz, 1999). Seven gain-of-
rodite (essentially a modified female) and the male. Egg function mutations have been identified, each of which
laying in the adult hermaphrodite is controlled by a bilat- causes a single base change in a short sequence 5.6
eral pair of neurons called HSN (for hermaphrodite-spe- kb 39 of the egl-1 transcription unit. Expression of egl-1
cific neuron), which innervate the egg-laying muscles was also examined by using a construct with the egl-1
around the vulva of an adult hermaphrodite and extend coding sequence replaced by GFP (green fluorescent
processes anteriorly to the nerve ring (Figure 1). Males protein), introduced into a ced-3 mutant strain, in which
do not lay eggs, so they have no need for these neurons, the HSNs are unable to undergo cell death. In the her-
and they are removed at an early point in development maphrodites of this strain, the HSNs never expressed
by programmed cell death. In fact, the death of the GFP, but in males, 87% of HSNs were GFP positive.
HSNs is the first obvious sign of sexual dimorphism in
a developing male nematode, occurring about two-
thirds of the way through embryogenesis. If pro-
grammed cell death is blocked, for example by muta-
tions in the cell death caspase gene ced-3, then the
male HSNs will survive and differentiate (Desai et al.,
1988).
The gene egl-1 was discovered by virtue of dominant
gain-of-function (gf) mutations that cause HSNs to die
inappropriately in hermaphrodites. As a result, the adults
are defective in egg layingÐhence the gene name. How-
ever, if the inappropriate death is prevented, by making
a ced-3; egl-1 double mutant, egg laying can be restored
(Ellis and Horvitz, 1986).
The more recent isolation of a loss-of-function muta-
tion in the gene placed egl-1 squarely in the main cell
death pathway since these mutations prevented most
or all somatic programmed cell deaths (Conradt and
Horvitz, 1998). In C. elegans, this conserved pathway
also involves the genes ced-9, ced-4, and ced-3, encod-
ing respectively the cell death±inhibiting CED-9 (related
to human Bcl2), the cell death±activating CED-4 (re-
lated to human Apaf1), and the caspase CED-3, as
well as genes required for removal of apoptotic cells
Figure 1. Cell Death Determines Sexual Dimorphism in the HSN(reviewed by Bergeron and Yuan, 1998; Metzstein et al.,
Neurons1998).
One of the two bilaterally symmetrical HSN neurons in an adultThe loss-of-function mutation also permitted cloning
hermaphrodite is shown in the schematic diagram at the bottom.
of egl-1, which encodes a small protein containing a 9 In male nematodes, the HSNs are generated but undergo cell death
amino acid stretch similar to the BH3 domain, a domain at the 2-fold stage of embryogenesis, as shown at the top. Death
found in various proapoptotic Bcl2-like cell death regu- or survival of HSNs is affected by egl-1(gf) and ced-3 mutations, as
shown.lators. Epistasis analysis showed that egl-1 probably
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However, when a GFP construct carrying one of the
gain-of-function changes was used instead, 78% of her-
maphrodite HSNs expressed GFP, indicating inappro-
priate transcriptional activation.
This 39 regulatory sequence therefore appears to be
a site for transcriptional repression in the HSN cells.
Presumably there is a separate cell-specific activator
that also acts only in the HSNsÐotherwise, the egl-1(gf)
mutations would lead to inappropriate egl-1 activation
in many other cells, which would be lethal to the animal.
Furthermore, the repression is effective in wild-type her-
maphrodites but not in males, in which the HSNs always
die.
Here the connection with the sex-determination sys-
tem comes in. The terminal global regulator for somatic
sex determination in C. elegans is TRA-1A, encoded by
the tra-1 gene, which is a zinc finger protein belonging to
the CI/GLI family (Zarkower and Hodgkin, 1992). Genetic
arguments have suggested that TRA-1A activity is both
necessary and sufficient to direct female development
in C. elegans, and that it acts autonomously in multiple
tissues to achieve this, by repressing male-specific gene
activities or activating female-specific gene activities
(Hodgkin 1987; Hunter and Wood, 1990). The DNA bind-
ing properties of TRA-1 proteins have been examined
in vitro (Zarkower and Hodgkin, 1993), and the 39 regula-
Figure 2. The Regulatory Hierarchy Controlling Life or Death of thetory site of egl-1 was seen to be a good match to the
HSN Neuronsconsensus binding site defined for TRA-1A. Therefore,
This diagram summarizes the cascade of control interactions con-a plausible model is that TRA-1A acts directly to repress
necting the primary sex-determining signal (X chromosome dosage,egl-1 transcription in hermaphrodite HSN cells, allowing
determined mainly by the two X-linked genes sex-1 and fox-1) andthem to survive. In males, TRA-1A is inactive or less
the activation of the CED-3 caspase in male HSNs. Genes on the
active, and consequently the male HSN cells transcribe left are needed for the survival of the HSNs, in hermaphrodites,
egl-1 and die. whereas genes on the right are needed for the death of the HSNs, in
Conradt and Horvitz show that TRA-1A will bind the males. The genes above the purple dashed line are sex-determining
genes, with either feminizing (red) or masculinizing (blue) activities.egl-1 site in vitro, and that the three different gain-of-
Genes below this line encode components of the general somaticfunction alterations each drastically reduce TRA-1A
programmed cell death cascade. The known or inferred regulatorybinding to this site. Furthermore, one of these three
interactions are shown as solid black lines (for transcription), dashed
mutations is significantly weaker in its in vivo effects black lines (for RNA level regulation), or green lines (for protein±
(that is, the HSNs more often survive in gf/1 heterozy- protein interactions). Most of the regulation is negative, with genes
gotes), and this mutation shows a correspondingly or their products inhibited by the activities immediately above them
in the hierarchy. Only the interactions relevant to the sex-specificstronger binding in vitro, as compared to the other two.
cell death of the HSNs are shown. There are additional interactions,This correlation strongly supports a model of direct re-
outputs or inputs at several points, which have not been includedpression by TRA-1A.
in this depiction; these are needed for the many other events in
Linking Two Regulatory Cascades normal sex determination and developmental cell death. For further
The egl-1 regulatory site provides a convincing link be- explanation of the sex determination pathway, see Meyer (1997),
tween two of the most intensively studied regulatory Kuwabara (1999); for the cell death pathway, see Metzstein et al.
(1998).systems in C. elegans: one controlling sex and the other
controlling cell death. As a result, one can now draw
out a genetic chain of command (Figure 2), which can
be regarded as providing a logically complete answer ªcounting elementsº on the X chromosome act to mea-
to the question: why do the HSNs die in a male but not sure X chromosome dose and regulate the gene xol-1,
in a hermaphrodite? which in turn controls the sdc genes. These act coordi-
The two sexes in C. elegans differ in X chromosome nately to regulate both dosage compensation and sex
content: hermaphrodites have two X chromosomes (XX) determination. Further downstream, the her, fem, and
while males have only one (XO). This difference in X tra genes act to control sexual phenotype, without af-
chromosome dosage is the primary sex-determining fecting dosage compensation (which involves additional
signal. Extensive genetic and molecular analyses by and separate genes). In the soma, the cascade of regula-
several laboratories have revealed a cascade of genetic tion ultimately impinges on the TRA-1A protein, which
regulation connecting this primary signal with key regu- is regulated either to a high activity state in XX animals,
latory genes that govern somatic sexual phenotype, directing female/hermaphrodite development, or to a
germline sexual phenotype, and X chromosome dosage low activity state in XO animals, permitting male devel-
compensation (reviewed by Meyer, 1997 and Kuwabara, opment. The regulation of egl-1 transcription by TRA-
1A therefore implements the sexual fate decision in the1999). As schematized in Figure 2, a small number of
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HSN neurons. In male HSNs, egl-1 is transcribed, the of male-specific somatic development (Raymond et al.,
EGL-1 protein interferes with the inhibitory interaction 1998). Both of these genes are likely to be under direct
of CED-9 and CED-4, and CED-4 is then able to activate repressive control by TRA-1A. But the demonstration of
CED-3, which triggers cell death. In hermaphrodite such control, and the assessment of other candidate
HSNs, egl-1 is repressed by TRA-1A, so the death cas- targets on the list, will require further experimentation
cade remains inactive. on a gene-by-gene basis.
It may seem that this is a ridiculously elaborate ar- Therefore, biological experimentation cannot be
rangement to control, ultimately, one enzymeÐat least avoided, in analyzing the properties of whole genomes.
16 genes and 11 regulatory interactions, all to kill one The fact that conventional screens for egg-laying defec-
pair of cells. However, both sex and death are hugely tive mutants yielded seven independent hits on the same
important matters, even at the level of the single cell, small regulatory site is a testament to the effectiveness
so it is not surprising that control should be complex. of forward genetics, at least in genetically amenable
Also, the command structure sketched out in Figure systems such as C. elegans. For analyzing the human
2 delineates the regulatory chain for a single sexually genome, forward genetics is not usually an option, but
dimorphic event involving cell death, but additional or the availability of six billion diploid members of our spe-
different genes, and other interactions, will be needed cies may offer a comparable resource. Genetic differ-
for all the other events involved in sexual development. ences between individuals, together with sophisticated
Similarly, there will be other inputs and different regula- expression analyses, may provide a route for teasing
tors needed for the other programmed cell deaths in out the regulation of many human genes.
the animal. Direct sequence examination can however be made
Nevertheless, developmental biology seems to in- more effective by the approach of comparing related
volve many such overly complex cascades, and the ratio genomes, which again can be illustrated by egl-1.
of regulators to effectors will probably turn out to be Caenorhabditis briggsae is a nematode species very
even higher in organisms with more genes than C. ele- similar to C. elegans in anatomy and physiology, al-
gans, such as vertebrates. This complexity could simply though diverged by at least 20 million years of evolution.
be a consequence of evolution, and the irreversible ac- The sequences of introns and intergenic regions are
cretion of layers of control. Alternatively, elaborate regu- largely unconserved between the two species (about
lation may prove to be a necessity in the construction 8% of the C. briggsae genome has been sequenced
and functioning of any complex entity. so far) but the egl-1 coding sequence and regions
Implications for Whole Genome Analysis downstream of egl-1, including the TRA-1A control
From a genomic point of view, the story of egl-1 is site, are well conserved. Therefore, attention would
noteworthy for two reasons, with lessons that apply have focused on these regions, independent of the gain-
still more strongly to the larger genomes of insects and of-function mutations, with a comparative genomic
vertebrates. First, egl-1 was not one of the 19,141 pro- analysis.
tein coding genes predicted for C. elegans on the basis Extrapolating to genome projects in general, the les-
of sequence data aloneÐthe first-pass analysis viewed son is clear: one is not enough. For optimally analyzing
it as part of the intergenic wasteland (C. elegans Se- C. elegans, the complete sequence of C. briggsae will
quencing Consortium, 1998). Small genes such as egl-1 be essential. And it follows that the most powerful tool
(encoding a protein of 91 amino acids) are hard to detect, for fully comprehending the human genome will be the
and egl-1 transcripts have not yet been found in cDNA complete genome sequence of another mammal; the
libraries. In the absence of genetic analysis, it would obvious candidate is the mouse.
still be unknown; the C. elegans genome is certain to The combination of comparative genomics and ge-
contain more unpredicted small or tiny genes like egl-1. netic analysis provides a very powerful methodology for
The second reason is concerned with gene regulation. unravelling the complexities of animal genomes. In the
One of the dreams of computational biology is to infer case of egl-1, identifying and mutating other conserved
structure, function, and regulation from raw sequence sequences around the gene should reveal additional
data alone. The results with egl-1 demonstrate how hard transcriptional control sites, such as those responsible
this is going to be. The regulatory site discovered by for the ces-2-dependent pharyngeal cell deaths. In time,
Conradt and Horvitz is 5.6 kb downstream of the gene the many different cell deaths that occur during nema-
it controls, with another coding region intervening on tode development may all come to be explained as com-
the opposite strand, so it would be next to impossible pletely as the sex-specific death of the HSNs.
to predict its role from sequence gazing alone. As part
of the first global analysis of the C. elegans genome, Selected Reading
Clarke and Berg (1998) scanned 97 million base pairs
Bergeron, L., and Yuan, J. (1998). Curr. Opin. Neurobiol. 8, 55±63.of this sequence using a hidden Markov model based
C. elegans Sequencing Consortium. (1998). Science 282, 2012±2108.on the in vitro binding preferences of TRA-1A protein
Chen, P.-J., Singal, A., Kimble, J., and Ellis, R.E. (1999). Dev. Biol.,(Zarkower and Hodgkin, 1993), in the hope of identifying
in press.genes regulated by tra-1. They came up with 1299 po-
Clarke, N.D., and Berg, J.M. (1998). Science 282, 2018±2022.tential sites in the genomeÐbut this list did not include
Conradt, B., and Horvitz, H.R. (1998). Cell 93, 519±529.the egl-1 site. However, their scan for possible TRA-
1A targets, although failing to detect egl-1, did identify Conradt, B., and Horvitz, H.R. (1999). Cell 98, this issue, 317±327.
several other very plausible candidates, including fog-3, Desai, C., Garriga, G., McIntire, S.L., and Horvitz, H.R. (1988). Nature
336, 638±646.which acts as a master regulator for spermatogenesis
(Chen et al., 1999), and mab-3, which is required for part Ellis, H.M., and Horvitz, H.R. (1986). Cell 44, 817±829.
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